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                              Abstract
            It has been considered that thedissociative recombination f a molecular 
       oxygen ion with an electron isone of the most important reactions relatingto the 
       decay rate of the electron density in the ionosphere. The effective  r combination 
       coefficient largely depends upon the distribution of molecular oxygen ions. The 
       effects of the vertical drift motions of oxygen ions as well as of electrons on theef-
       fective decay rate and consequently on the electron density is studied theoretically 
      in this paper. It is shown that the electron density is given by thetwo simult-
       aneous equations concerning the density of molecular oxygen ions. Numerical 
      calculations are made for the F region both on magnetically quiet and disturbed 
       days. 
1 Introduction 
   Discussing the effective recombination coefficient and the rate of electron produc-
tion, the vertical distribution of electron density was studied in the previous paper[1], 
on the assumptions that the atmosphere is in static equilibrium and the electron density 
attains the equilibrium condition near the noon. In this paper, time-variation of the 
vertical distribution of electron density will be discussed theoretically. 
   The  CHAPMAN's theory[2] is well consistent with the observational results of 
the E layer and the Fl layer. The maximum electron density of the F2 layer, 
however, shows very peculiar behaviours in its daily variations especially on magnet-
ically disturbed days. These anomalous features could not be explained by the simple 
theory. 
   In 1939, APPLETON and  WEExEs[3] found the lunar tide in the E layer. Some 
years later,  MARTYN[4][5][6] also recognized the atmospheric tides in the F2 layer from 
the analysis of the observational data, and tried to explain the daily variation of the 
layer from the dynamical consideration. Taking account of the electronic drift, 
 MAEDA[7][8][9][10] advanced the study on the F2 region, and HIRONO and  MAEDA[11] 
[12] succeeded in explaining the daily variation of the F2 region at the geomagnetic 
equator. According to the drift theory,  SAT0[13][14][15], MAEDA[9], and MARTYN[16] 
[17] attempted to explain the ionospheric disturbance during a geomagnetic storm. They 
assumed that the effective recombination coefficient was depending only on the height. 
According to the results of the previous study[1], however, the effective recombination 
coefficient depends upon the densities of electrons and ions as well as on the height. 
In this paper, we will derive an expression for the variation in electron density under
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the influence of the geomagnetic variation. 
2 The Equation  for the Variation in Electron Density 
    According to  ElmoNo[18] and MAEDA[19], the vertical component of the drift 
velocity, w, is given by 
 w  =  —E't  cos  I  , (1) 
where F is the intensity of the geomagnetic field,  I the dip angle, and  E, is the east-
component of the electrostatic field. The expression (1) is valid both for electrons 
and ions in the ionospheric region above 130 km. If there is a drift veloctiy, V, the 
variation in the electron density, N, is given by 
              aNq —ctiX  (1+X) N2— a, n+ N—div  (N V)  . (2)              at 
Assuming that the horizontal gradients of N and V are neglected, and that 
 (1+X)  N  =  n+  [0  if]  , (3) 
Eq. (2) may be written as follows; 
  N aaN       =q—iX ai+ ae[0+]1  (I  +X) N2 — ta,[02+]—a,[0+]} n[02+]  N— 
az w  . (4) at 
    On the other hand, the variation in the concentration of the positive ions of 
molecular oxygen is given by 
 a 
at0,+]  — q[02]  +k, n[02]  n[0+]—a,[02+]  n[0+] N 
 —ai[02+]  n[02+] n—div  (n[0,+]•  V) , (5) 
where q[02) is the rate of ion production from oxygen molecules, and  k2 is the rate 
 coefficient of the charge transfer eaction between  0+ and 02. On the same assumption 
 as in the case of electrons, the above equation can be written as 
 a  n[0,+]  q[02]  +  k2  K02,1  (1+X)  N 
 —  {h2  n[02] +  (a,[02+]  ai[02+])  N}  n[021—   a/0;11   w  . (6) 
 In general, we have 
 do  n  d  z     +(7) 
                  dt ataz dt  • 
 Then, putting 
                               dz     w(8) 
                                  dt,
 We have 
      dN  
            q— { ae L021— aeL0+1 }1402+1.N—ai+a,[04-]1 (I +X,) N2 , (9)        dt 
 and
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 d  ii[02+]   =  rod  ka  n[02]  tk„  n  [02] 
 d  t 
                        +(a,[02+] X  ai[02+1)  NI  n[02+]  . (10) 
The above expressions should be solved following the motion with the vertical velocity, 
w. Thus, the electron density depends upon the electron production rate, the drift 
velocity, and on the positive ion concentration of molecular oxygen. On the other 
hand, the concentration of positive ions of molecular oxygen is related with the 
electron density. Solving (9) and (10) simultaneously, we can estimate the effect of 
the drift on the electron density. 
   According to the resultof the former study[20], the concentration of positive ions 
of molecular oxygen decreases rapidly with height above 170 km. Then, the upward 
drift is accompanied by the increase in the concentration of molecular oxygen ions and 
by the depression of the electron density. This pronounced  feature is very consistent 
with the observations, which have been difficult to be explained. The theory will be 
applied to the variation of the F2 region associated with the various geomagnetic 
phenomena, in the following sections. 
3 The Diurnal Variation of the F2 region on Magnetically Quiet Days 
   A developed theory which takes account of the effects of the drift motion of ions 
as well as electrons will be applied to the daily variation of the F region on magnetical-
ly quiet days. The current system producing the  S, magnetic field is indicated by 
a world map in Fig. 1, which relates to the equinox[21]. The curved lines are those 
along and between which the currents flow in the direction indicated; a current of 
10,000 amperes flows between each pair of  adjacent lines. For one of the represen-
tative cases, the ionospheric daily variation in latitude 30°N both in geographic and 
geomagnetic coordinates is dealt with in this study. 
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    The electrostatic fields in the ionosphere can be estimated on the basis of the 
electrical conductivities which were gained from the former  paper[221. The electrical 
conductivities how the pronounced maxima at the height a little above the E layer. 
Then, most of the currents can be assumed to be concentrated in this thin conductive 
layer, and the electrostatic field,  Ex and  Ey in this layer can be expressed approximate.. 
ly by 
 Cx =  2",„Ez-1--  fx,E, 
                                            (11)
where C's and  2.'s are the integrated currents and conductivities, respectively. On the 
other hand, it was also shown that the conductivity longitudianal to the magnetic 
field is much greater than the transverse one by the factor of  103-105. Then, the 
electrostatic field is linked in the direction of the lines of the magnetic force, and the 
field in the F region can be assumed to be essentially the same as in the E region in 
the middle latitudes. Knowing the east-west component,  Ey, the vertical drift velocity 
 for electrons and ions can be given by Eq. (1), and smoothed by  assuming that the 
daily variation in the drift velocity is expressed by 
                  w  p, sin  (t+  ai)  +  i,2 sin (2t+  a2) (12) 
the harmonic coefficients being tabulated in Table 1. The results for the vertical 
 drift velocity are illustrated in Fig. 2. The maximum upward velocity occurs at  9h 
               Table 1. The Harmonic Coefficients forVertical Drift Velocity. 
 P1  I  P2  a1  a2 
 6.177  x102  cm/sec  3.075  x  102  cm/sec  315°  189° 
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                Fig. 2. The Daily Variation of the Vertical Drift Velocity 
                      on Magnetically Quiet Days in a Middle Latitude.
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local time, and the downward velocity is at the maximum at P. 
   Using the above data of the vertical drift velocity, the electron density at any 
height is calculated from the simultaneous cyclic equations (9) and (10). For 
example, the vertical distribution of the electron density at  1011 is illustrated in Fig. 3. 
From those figures as Fig. 3, the values of the maximum electron density and the 
 km 
 400   
                                     /0bL.T.
 350 
   300 ILL 
                 250 
 200 
                  /50 
         0 2  4 6  8 /0  /2\ 
 Electron  .iensety x /05  cm-3 
                  Fig. 3. An Example of the Vertical Distribution of 
                          the Electron  Density. 
 xiosci27-3 
 /5 
                       (e)      /0 ^ ••1111111bnrilldliallik' 
              7 
              1,4    3 Ilk 1 1111 
/  o  6  /2  /6  
24 
                             Loca(  time 
             Fig. 4. The Diurnal Variation of the Maximum Electron Density 
                    in F2 Layer  on_Magnetically Quiet Days.
16 H. KAMIYAMA 
height at which it occurs can be derived. The numerical results are given in Table 2 
and shown in Fig. 4. 
           Table 2. Theoretical Result of the Diurnal Variation of the F2 Region. 
           Maximum Height at which Maximum Height at  which 
     Local Electron Density  N,, appears Local Electron Density  N,„ appears  Time  N
m  hm Time  Nm  hm  (
cm-3) (km)  (cm-3) (km) 
    0  3.23  x105  232 12  1.16  x106 262  
i  3.33  x105 208 13  1.37  x106 243     2  
3.36x105 209 14  1.50  x106 235 
    3  2.90  x105 207 15  1.51  x106 227     4  
2.42  x105 237 16  1.47  x108 221     
5  1.96  x105 256 17  1.21  x106 223 
    6  5.50  x105 220 18  9.21  x105 227 
    7  9.32  x105 258 19  6.42  x105 233 
    8  1.07  x106 269 20  4.98  x105 237 
    9  1,08  x106 278  21  4.10  x105  243 
    10  1.09  x106 280 22  3.58  x105 240    1  
1.09x106  265  23  3.28x105 236 
4 Ionospheric Storm 
4-1 Observational Studies of  Ionospheric  Disturbances. 
   It is well known that geomagnetic storms are followed by disturbances in the 
ionosphere. Many workers pointed out the upward shift of the F2 layer and the 
remarkable decrease of the critical penetrating frequency for the F2 layer. 1VIEEK[23] 
in Canada studied the diurnal character of the deviations in  f0F2, in the comparatively 
high latitudes and pointed out that the deviations were, in general, negative in the 
forenoon and positive in the afternoon but there were remarkable depressions near 
sunset. From the statistical studies, MARTYN[17],  KAmiyAmA[24], and  SINN-0[25] 
showed that the disturbance of the maximum electron density in the F2 region is 
composed of two components, one of which depends upon the local time and the other 
on the storm time. The same results were shown by OBAYASHI [26] from his study of 
the individual case of the severe magnetic storm. 
   In statistics, the deviation of  foF2 from its monthly median value may contain 
some diurnal influences. For this reason, the series of hourly percentage deviations 
of the squares of  f°F2 during the disturbances from their normal values (the squares of 
the monthly median values) are derived from the hourly observations. These quanti-
ties are denoted by D in this paper. According to Sinno  [25], the storm-time deviations 
in D for Washington and Wakkanai are very distinct and are reproduced in Fig. 5. 
   If the series of D are arranged and averaged in accordance with the  local time, 
we can get the mean disturbance daily variation. In a convinient way, the series of the 
hourly mean values of D for the five international magnetically disturbed days for each 
month also represent disturbance daily variations. Using the data from Wakkanai, 
the statistics is carried out for 12 years from 1947 to 1958, and the averaged eviations 
are plotted in Fig. 6. Harmonic coefficients in equinoctial months for each year are 
tabulated in Table 3. Using the mean value of these coefficients, the smoothed curve
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                Fig. 6. The Mean Distrubance Daily Variation at Wakkanai. 
                 Table 3. Harmonic Coefficients for Each Year at Wakkanai. 
                Mean Level First Term Second Term 
                Year  Ampl.  1 Phase  Ampl. Phase 
 A0  Al  al  A,  a, 
           1947  -  26.47  10.20 173° 7.59 352° 
          1948  - 1.74 4.79 186° 1.45 27°
          1949  -15.01 11.39 176° 3.83 54° 
           1950  -10.86 7.48 164° . 5.68 159°
           1951  --13.17  13.83 251° 4.89 122° 
           1952  - 9.84 11.42 190° 2.54 173° 
 1953  --11  .11 8.41 185°  2.7  0 150° 
         1954  6.79 2.24  10G° 5.71 66° 
         1955 6.50  2.13 229° 2.63 62° 
           1956 -16.83 11.25 156° 0.24 109° 
          1957  -10.16  9.11 224°  3.15 229° 
          1958 -14.76 8.23 222° 4.74 79°
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is drawn in Fig. 6. Fig. 7 shows the cloud of points for the first harmonics. These 
harmonic analyses lead to the following conclusions. The mean level of the percentage 
deviations is, in general, relatively high in the years of the minimum sunspots. The 
first harmonics is the essential feature of the diurnal variation in the deviations, but 
the second harmonics how comparatively small amplitudes and the scattered phase 
angles. The diurnal curve for the deviation shows a broad  maximum in the afternoon 
and a minimum in the morning. This is confirmed by Fig. 7 in which the standard 
deviation is indicated by the circle. 
4-2 Theoretical Study of the Ionospheric Storm. 
    The current system responsible for geomagnetic storms may be analyzed into two 
parts, one of which relates to the storm time component (Dst) of the disturbance and 
the other for the disturbance daily variation (SD) depending mainly on the local 
magnetic time. It is considered that the Dst part is not definitely assigned to the 
ionosphere. Then, it may be considered that the ionospheric disturbance is related 
mainly with the  SD part of the magnetic field. Fig. 8 and 9  illustrate the current 
systems responsible for the mean  SD fields of the initial and of the main phase of 
 storms, respectively, analized by VESTINE, LANGE and  ScurT[27]. A total of 10,000 
 amperes flows between the successive current lines in Fig. 8. In Fig. 9 for the main 
 phase, a total of 100,000 amperes flows between these lines. Corresponding to Fig. 9, 
 the mean daily variation of the vertical drift velocity can be calculated, and the result 
 is shown in Fig. 10. It must be noted that the disturbance field in an individual case 
 does not always appear in the idealized form which is derived from the statistical 
 study[28]. Attention must be given to the fact that the intensity of the  SD current 
 varies with the progress of the storm. According to NAGATA and  ONo[29], the 
 variation in the intensity of the  SD field with the progress of the storm is assumed to
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be that shown in Fig.  11. Then, the ionospheric changes associated with geomagnetic 
storms are influenced by the beginning time of the storm. For this reason, the numerical 
calculations are carried out for the four cases in which the magnetic storms begin at
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                 Fig. 11. The Assumed Variation of theIntensity Factor of the 
                          SD  Current-System with the Progress of the Storm. 
 0h,  6h, 12h and  1811 in local time, respectively. Fig. 12 shows the calculated results of 
 deviation expressed in percentages of the maximum electron density during distur-
 bances from that in the normal  condition. The mean daily variation of the distur-
 bance is derived by averaging these four sets of the series in accordance with the 
 local time, and is illustrated in Fig. 13. If each set of series is arranged and averaged 
 according to the storm-time, we can get the storm-time variation of the disturbance 
 which is shown in Fig. 14. 
    Comparing the theoretical results with the observational results, it may be said 
 that the ionic-drift theory can explain, in general, the ionospheric disturbance. One 
 of the most important results is that the storm-time variation of the disturbance in the 
 ionosphere can be explained almost entirely by the effect of the vertical ionic-drift 
 caused by the electrostatic field producing the  SD currents. It is noted here that the 
 electron density is largely affected by the rate of ion production, the vertical distribution 
 of the molecular oxygen, and by the rate coefficients of the various atomic reactions. 
 These physical problems are considered to be essential to the ionospheric disturbance.
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At the present stage, the knowledge in these fields is quite insufficient to carry out a 
conclusive calculation. 
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